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1. INTRODUCTION
Persistent organic pollutants (POPs) are toxic organic molecules that are resistant to chemical,
biological, and physical degradation processes (Figure 1.1). POPs are typically poly-halogenated
or chlorinated organic compounds that are hydrophobic. The strong C-Cl bonds and in some cases
aromaticity confers non-reactivity and persistence in the environment. As a result of these
pollutants’ stability, varying solubilities in aqueous media, slow decomposition rates, and semivolatility, POPs have accumulated and spread throughout the globe via the atmosphere and
waterways, causing diverse and long-term negative effects on ecosystems and human health.1
Although measures have been taken to curtail the production and minimize the spread of POPs,
the need to eliminate current amounts in the environment is imperative, necessitating the
development of new and novel remediation methods.
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Figure 1.1 Examples of Persistent Organic Pollutants (POPs) as listed by the United Nations
Environment Program Governing Council.

Efforts toward the remediation of POPs from the atmosphere and bodies of water include the
use of photodegradation techniques using photocatalytic oxidation (PCO) reactions with
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heterogeneous catalysts.2 Photodegradation, or photolysis, is the use of high energy UV-light to
decompose POPs to more benign products. PCO is the use of light activated catalysts based on
metal oxides, predominantly TiO2, to decompose pollutants to degradation products. Ideally,
pollutants such as simple aromatics are decomposed to CO2 and H2O through in-situ generated
superoxide radicals and hydroxyl radicals (Figure 1.2).3, 4 In the absence of PCO type pollutant
remediation methods, the effectiveness of photodegradation is negligible in comparison.
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Figure 1.2 Schematic representation of TiO2 bulk material catalyst for the degradation of
pollutants.
In order for a PCO catalyst to be effective, the material must have a sufficient band gap in order
to promote electron transfer and the formation of free-radicals. Accordingly, most common
heterogeneous photocatalysts are transition metal oxides and semiconductors, which have unique
electronic characteristics.5 Semiconductor materials possess a void energy region where no
intermediate energy levels are available to promote recombination of an electron and hole
produced by photo-activation of the solid. The void region, which extends from the electron filled
valence band to the vacant conduction band, is called the band gap. Effective semiconductor
materials therefore have a wide band gap, for instance 3.2 eV in TiO2.5
When a photon with energy equal or greater than the materials band gap is absorbed by the
semiconductor (< 380 nm for anatase TiO2),5 an electron is excited from the valence band to the
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conduction band, generating a positive hole in the valence band. If the band gap is not sufficiently
large, the excited electron and hole can recombine and release the energy gained from the
excitation of the electron as heat. Recombination is undesirable, preventing PCO chemistry, and
leads to an inefficient photocatalyst. The ultimate goal of the process is to have a reaction between
the electrons from the conduction band with atmospheric O2 to produce highly reactive superoxide
radical ∙O2− (Figure 1.2). Superoxide radical can react with one to two equivalents of H+ to produce
the scavenging hydroperoxyl radical ∙HO2− or hydrogen peroxide, respectively, the latter of which
homolytically cleaves in UV light to two hydroxyl radicals. Hydroxyl radical has a redox potential
of (E0 = +3.06 V), which is effective in degrading most pollutants.6 Finally, the strongly oxidizing
photo-generated hole (h+) can also degrade substrates such as pollutants. Also, a reaction between
the generated holes with a reductant (for example, water, or a pollutant) to produce an oxidized
product closes the cycle.
TiO2 based photocatalytic remediation systems offer the following advantages: (1) TiO2 is cost
effective; (2) very stable in highly acidic or highly basic environments; (3) low toxicity; and (4)
high oxidizing power. However, this technology suffers from some barriers that impede its
widespread use. The system requires energy intensive UV light. As a result, PCO remediation with
TiO2 is energy intensive. Moreover, the quantum efficiency, that is, the generation of a hydroxyl
radical for every photon of light, is between 1% to 10% at best.7 This could be due to the very
short excited state lifetimes of 10 nanoseconds, which could be longer than the time required to
facilitate reactions.8 TiO2 materials also have low adsorption capacity for hydrophobic
contaminants.9 This causes the need for extended periods of catalyst exposure to bodies of water
to allow time for photocatalyst to degrade pollutants, and the need to maximize surface area by
making nano-sized particles of the catalyst. While alternatives such as other metal oxides6 and
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metal sulfides have been evaluated, and TiO2 system limitations have been attempted to be
optimized,9, 10 little improvements have been made.
Notably, the actinide metal oxides, specifically uranium oxides, are semiconducting,
photoactive materials that may offer advantages over that of TiO2 but is an area that has remained
greatly underdeveloped in comparison. Studies have shown that uranium based catalysts (e.g.
U3O8) have been utilized for the treatment of industrial effluent streams consisting of halogenated
and aromatic volatile organic compounds (VOCs) and have been shown to afford higher efficiency
and longer stability when compared to widely used TiO2 based catalysts.11 Moreover, it has been
postulated that the degradation of intractable organic compounds in seawater is mediated by solarradiated, photo-excited uranyl ions, even when the concentration of such species are low (15
nmol/dm3).12 It is in fact, in the oceans that most of the uranium on the surface of the Earth, mostly
in the form of uranyl, is deposited in an estimated amount of 4.5 billion tons, or 3 mg per cubic
meter. The uranyl ion ([UO2]2+) is exceptionally photo-reactive, owing to its uncommonly long
(microseconds) excited-state lifetimes in room temperature solutions, especially in comparison to
excited singlet state organic molecules.12 Upon excitation, the (*[UO2]2+) exciton is generated
which possess oxyl-radical character (Figure 1.3).
Uranyl based systems for environmental remediation from POPs and other organic or inorganic
pollutants could surpass the quantum efficiencies of TiO2 based systems due to the long duration
of uranyl’s excited state. In aqueous solution, photo-excited uranyl ion (*[UO2]2+) is known to be
quenched by abstracting hydrogen (∙H) from H2O, creating hydroxyl radicals (∙OH) which can be
exploited for POPs oxidation. Furthermore, the excited state of uranyl is also very oxidizing, with
an oxidation potential of 2.6 eV vs SHE and a band gap range of 2.0 to 2.5 eV.13, 14 While the
absorption range of uranyl is in the range of 350 nm to 486 nm with a maximum at 414nm,15 the
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absorption range still excludes most of the solar spectrum in the low energy visible to the IR (see
Figure 1.4).
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Figure 1.3 Schematic diagram of ground state and excited state uranyl. The ground state is a
uranium in the 6+ oxidation state. Light excites electrons from the 3σu highest occupied
molecular orbitals to the 5fϕ and 5fδ lowest unoccupied molecular orbitals, where the excited state
can be considered an oxyl-centered radical and uranium is in the 5+ oxidation state.
Despite the absorption range limitations of uranyl, modifications can be made via the usage of
light harvesting dyes as ligands in an attempt to augment the absorption range of the uranyl
complex, similar to dyes in dye sensitized solar cells. While a number of light harvesting ligands
are known, e.g. porphyrins, bipyridines, and derivatives, we have chosen to explore the chemistry
of uranyl with dipyrrins. Dipyrrins, as to be discussed in Chapter 2, are a highly versatile class of
chromophores.
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Figure 1.4 Absorption spectrum of uranyl in aqueous media.15
As uranyl is a dication and dipyrrins are monoanionic, we herein describe the synthesis and
characterization of uranyl bis(dipyrrinate) complexes. If successful, the dipyrrin chromophores
will extend the light absorption range of the uranyl cation. Photoactive molecules with πconjugated systems have been shown to be tuned to broaden the absorption spectra and shift the
absorption onset to longer wavelengths by applying the molecules as thin films. The application
of the photoactive molecules from the solution state to the solid state annealing to thin films could
result stronger interactions between π-conjugated systems due to increased planarization and closer
packing.16 Accordingly, application of uranyl dipyrrins as thin films could further broaden the
absorption range of the complex. Moreover, the use of a hydrophobic ligand could impart better
absorption of substrates/POPs onto a surface to facilitate the catalytic decomposition of target
molecular species. Taken together, the use of UO2 with a light harvesting ligand could offer a
viable alternative to the remediation of POPs from the environment (see Figure 1.5)
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Figure 1.5 Proposed cycle for the degradation of a polychlorinated biphenyl POP by UO2 system.
Similar to TiO2 systems, uranyl dipyrrin complexes either in the solid state as thin films or if
possible, in the solution state have a sufficiently wide band gap and long excited states to facilitate
formation of hydroxyl and superoxide radicals. These reactive species can then facilitate C-Cl
bond scission and transformation of poly-halogenated species to more benign poly-hydroxylated
phenols, for example. The photo-generated hole can also oxidize POP substrates as well; the
products of both transformation and hole-mediated oxidation can be further degraded to water and
CO2.
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2. SYNTHESIS AND CHARACTERIZATION OF URANYL
DIPYRRINATES
2.1 INTRODUCTION
Dipyrrins, also known as dipyrromethenes amongst a host of other names,17 are a well-studied
class of hemiporphyrinoids (Figures 2.1 and 2.2).17, 18 These highly conjugated molecules are
prized for their novel chemical and luminescent properties, features which can be finely tuned
through chemical means owing to their synthetic modularity and ease of functionalization.17, 18
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Figure 2.1 Basic structure and IUPAC numbering system for dipyrrins.

Accordingly, dipyrrins have received much attention for their use as intermediates in porphyrin
syntheses but are perhaps best known as precursors to 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY) dyes. Through their dipyrrin core, BODIPYs exhibit excellent properties such as
stability in a wide range of temperature and pH conditions, absorption and emission modularity,
and high quantum yield.19, 20 As such, BODIPY dyes are widely used in bioluminescence imaging
and labeling,21 as laser dyes,22 and in photoelectric applications.23
Not surprisingly, the chemistry of dipyrrins on transition and main group metals has also been
explored to a significant extent.17, 18, 24, 25 Upon deprotonation of the pyrrolic N-H proton, dipyrrins
form monoanionic, bidentate ligands which typically generate air-stable and robust metal
complexes upon ligation. Owing to the chemical versatility and photo-properties bestowed by the
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dipyrrinate ligand, these compounds have been utilized in a variety of applications such as
catalysis,26 as light harvesting arrays,27 and as components in metal organic frameworks.28
Considering the unique characteristics of the dipyrrin ligand, especially its utility as a
chromophore for photochemical applications, there is an apparent paucity of f-element based
dipyrrinate compounds in the literature. This is surprising given the luminescent properties of the
f-elements and the intense study of lanthanide porphyrins and chromophores for optical
materials.12, 29-32 While BODIPY has been used as a light harvesting and sensitizing substituent in
luminescent lanthanide complexes,33 to the best of our knowledge, only one example of an felement dipyrrinate complex is known. Recently, during the course of our study, Love et al.
reported the synthesis and characterization of the uranyl dipyrrinate UO2Cl(L’) (L’ =
(C6F5)C[C4H2N(CHNtBu)]2}-), featuring a donor-expanded, tetradentate dipyrrin.34 Notably, the
redox non-innocence of the ligand in UO2Cl(L’) mediates electron transfer to the metal center to
effect the challenging reduction of the UO22+ unit.
In an effort to explore and develop the dipyrrinate chemistry of the f-block elements, we herein
report the synthesis of a series of uranyl bisdipyrrinates, UO2(dipy)2(L) (L = THF, DMAP). In
contrast to typical dipyrrin metalation procedures, these compounds have been synthesized using
an anhydrous, anaerobic salt-metathesis route between UO2Cl2(THF)3 and Na(dipy) to give the
products in good yields. The compounds have been fully characterized, and their solid-state
structures, electrochemical properties, and spectroscopic features are detailed.
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Figure 2.2 Selections of dipyrrinato compounds of main group, alkali metal, and transition metal
complexes. The metal centers in dipyrrinato can vary in oxidation states from +1, +2, and +3. R
groups are located in the meso or 5’ position on dipyrrins.
2.2 RESULTS AND DISCUSSION
In order to establish the synthesis or uranyl dipyrrinato complexes, the synthesis of dipyrrin
precursors, dipyrromethanes were required. Lindsey et al and other groups have established widely
utilized routes towards the acid catalyzed synthesis of dipyrromethanes, but these methods require
the use of excess or neat pyrrole and necessitate purification methods such as bulb-to-bulb
distillations and column chromatography.35 To avoid these considerations, we instead utilized an
improved, water based procedure developed by Dehaen and coworkers.36 The use of water as the
solvent effectively drives the reaction forward as the product precipitates out of solution.
Additionally, in comparison to other methods using organic solvents where formation of
tripyrranes and oligopyrroles byproducts is fast, the precipitation of the product in water greatly
slows the formation of undesired polymerization products. Importantly, we have found that an
important modification to the procedure is the slow, dropwise addition of aldehyde and vigorous,
continuous stirring, in order to minimize formation of undesired oligopyrroles. The crude
dipyrromethane products generated in this fashion can be readily purified through sublimation at
120 °C under reduced pressure or recrystallization in toluene or benzene.
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The oxidation of dipyrromethanes to dypirrins is straightforward but often requires the use of
column chromatographic purification methods to remove dihydroquinone, which is the by-product
of using the oxidant 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). The oxidation of
dipyrromethane to dipyrromethene (also known as dipyrrin) involves dehydrogenations at the
tertiary carbon and pyrrolic secondary amine of the dipyrromethane, with the aromatization to the
dipyrrin and the hydroquinone as driving forces of the reaction.
With the in situ formation of dipyrrin as part of established procedures for the synthesis of metal
dipyrrinato complexes, the introduction of metal acetate causes formation of acetic acid and metal
dipyrrinato complex, followed by aforementioned chromatographic work-up to separate from byproducts. To further simplify this synthesis, we instead sought to isolate dipyrrins instead of in
situ, one-pot oxidation and metalation of dipyrrins.37 Dipyrrins can be recrystallized in hexanes
solutions at -10 to -35 °C, after triethylamine treatment and aqueous workup as the dipyrrin imine
fragment can be protonated by dihydroquinone to form a dipyrrinium benzoquinonate salt.
Following established routes towards the metalation of dipyrrins, two equivalents of free base
dipyrrins were reacted to one equivalent of uranyl acetate dihydrate (UO2(CH3COO)2·2H2O) under
different conditions, such as solvent choice and reaction temperature. Reactions resulted in
complicated product mixtures and negligent formation of acetic acid, which is an indication of
uranyl complex formation. One crystallization trial resulted in a viable single crystal, the atomic
structure of which was determined to be [(C7H7)C(C4H3NH)2]+ [UO2(CH3COO)3]-(see Figure
2.3).
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Figure 2.3 Established metalation routes of dipyrrins entail one-pot oxidation and addition of
metal acetate followed by chromatographic purification. Attempts to metallate tolyldipyrrin with
uranyl following established procedures resulted in a tolyldipyrrinium uranyl triacetate complex,
as determined by single crystal X-ray diffraction.
The unexpected formation of [DipyH]+[UO2(OAc)3]- clearly indicated the need for an
alternative synthetic route. To avoid the formation of HOAc as a byproduct, we sought to use an
anhydrous, salt metathesis route using UO2Cl2(THF)3 and Nadipy. In order to carry out this
reaction, the heretofore unknown synthesis of the sodium dipyrrinates was required. While other
alkali metal dipyrrinate complexes are known, no examples of α,β-substituted dipyrrinates have
been reported. However, in the case of the alkali metal dipyrrinato compounds, the pyrroles are
fully substituted with alkyl groups as the positions are thought to be prone to electrophilic attack
12

and polymerization. In the case of the present work, we chose to use unsubstituted pyrroles for the
synthesis of our dipyrrins as the dipyrrins can be functionalized as needed. Betley and co-workers
have substituted the pyrrolic protons with halogens and the meso position of their dipyrrin with
electron withdrawing groups and caused bathochromic shifts in the electronic absorption spectra
and anodic shifts of all redox events.38 Gratifyingly, we were able to deprotonate our aryldipyrrins
at the pyrrolic proton with sodium hexamethyldisilylamide, synthesizing sodium dipyrrinates in
good yield. Addition of the Nadipy to UO2Cl2 in THF gave red solutions from which the
compounds 4-THF were isolated in 40% yield (see figure).

Figure 26. General synthetic procedure for the preparation of uranyl (bis) dipyrrinato complexes.
The product of this reaction was unstable in aromatic and aliphatic solvents, yielding protonated
ligand and unknown decomposition products as shown by 1H-NMR analysis. Furthermore, the
stability of the complexes were inferred from color changes, from a deep red solution in THF to a
gradual color change from deep red to brown in aromatic solvents.
The reasons for the instability of these complexes (in aromatic solvents) were unknown. Given
that uranyl is a “hard” acceptor and dipyrrins, with their π-conjugated framework and polarizable
“soft” donor N atoms, the interactions between moieties can be weak and therefore the stability is
13

not surprising. Furthermore, we hypothesize that the THF solvent lability plays a role in the
stability of the complex, and thus unknown reactivity takes place causing the decomposition of the
uranyl dipyrrin complexes into intractable products. To test this hypothesis, we modified the
synthetic procedure to incorporate the strong σ- donating dimethylaminopyridine (DMAP) to
replace the weakly bound THF solvent. To our satisfaction, the DMAP complexes exhibited
improved solvent stability. The DMAP adducts enabled NMR characterization. By 1H NMR
analysis, the complexes show signals corresponding to D2h symmetry, as the signals corresponding
to DMAP are broadened and there are only one set of dipyrrin ligand resonances observed.
Experimental observations suggest that the THF adduct loses its THF irreversibly while the DMAP
reversibly comes on and off in the DMAP adduct. The DMAP adduct enabled full characterization
of all four complexes as well as a crystal structure of uranyl (bis)mesityldipyrrinato DMAP.

2.3 X-RAY CRYSTALLOGRAPHY OF URANYL DIPYRRINS
Viable crystals suitable for single crystal X-ray diffractometry were grown from 1:2 DME:THF
solutions with slow diffusion of pentane at -35°C. All the complexes have distorted pentagonal
bipyramidal geometries. As expected, each dipyrrin coordinates to the uranyl in a bidentate
fashion, with a THF solvent adduct, all in the equatorial plane of the uranyl. The dipyrrin ligands’
coordination deviates from the equatorial plane, as observed from nitrogen donor ligands with low
coordination number (tridentate or lower).39, 40 Furthermore, the dipyrrin moieties are slightly
bowed and noticeably non-planar, with dihedral angle ranges from 20.41 to 37.72 °. Bowing of
the dipyrrin ligands can result from crystal packing forces (Figure 2.5). An alternative and more
likely explanation for the bowing of dipyrrins in the uranyl complexes is the steric clashing of α
carbons and hydrogens (1’ and 9’ positions. See Figure 2.1 ) between each other and with THF or
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DMAP ligand (Figure 2.6). This steric interaction could cause bowing of dipyrrin. Examination
of the the uranium dipyrrin U-N bond lengths in 4-THF and 4mes-DMAP range from : 2.453(4)–
2.555(5) Å and are within reported lengths for uranyl U-N-donor ligand ( including the DMAPN-U bond length) bond length ranges of 2.46-2.59 Å.

41, 42

The oxo ligands in all structures have

typical bond lengths (1.75-1.77 Å.), typical O-U-O bond angles of 176.8 to 177.9 °, and a U-O
single bond between the uranyl U and THF O of 2.46 to 2.48 Å, which is within reported ranges.43

Figure 2.5 Examination of unit cell packing for 4mesDMAP∙THF∙Hexanes. One perspective of
the crystal unit cell shows that the molecules outside the cell eclipse the molecules within the
cell. Left and Right are identical except slight angle perspective. The green ellipsoids are
uraniums, blue are nitrogens, and red ellipsoids are oxygens. Co-crystallized solvent molecules
omitted for clarity.
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Figure 2.6 Examination of unit cell packing for 4mesDMAP∙THF∙Hexanes. One perspective of
the crystal unit cell shows that the molecules outside the cell eclipse the molecules within the
cell. Left andright Figure 2.5 images and Figure 2.6 cell units are the identical cell except slight
angle and face perspectives. The green ellipsoids are uraniums and red ellipsoids are the
oxygens. Blue ellipsoids are nitrogens. Co-crystallized solvent molecules omitted for clarity.

Figure 2.7 Bowing and loss of planarity of dipyrrin moieties could be due to steric effects.
Highlighted in yellow are the same carbons and hydrogens that have steric interactions.
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2.4 VARIABLE TEMPERATURE 1H NMR OF 4FCDMAP
The complex 4FcDMAP exhibits a complicated NMR spectrum at room temperature in C6D6
observed in all cases, regardless of concentration or sample preparation The spectra show two sets
of chemical shifts which always appear in a 10:2 ratio, consistent with the presence of two isomers
owing to the rotation of the Fc moiety or bowing of the dipy ligand. To test this hypothesis, a
variable temperature NMR experiment in toluene-D8 was conducted over a temperature range of 30°C to 80°C in 10°C increments (Figure 2.8). Upon cooling to -30°C, three sets of resonances
appear. There are at least 3 conformational isomers by using the spectroscopic features of the
ferrocenyl moiety (see Figures A51, A52, and A53). At the lowest temperature (-30°C) the ratio
between the three are 7:6:4 but at 30 °C, the ratio changes to 6:7:4. However, as the temperature
increased, the peaks were observed to coalesce into one resonance set consistent with rapid,
dynamic isomerization on the NMR time scale. This behavior is consistent with the presence of
distinct conformational isomers at ambient to lower temperature, where the ferrocenyl moieties
orient themselves in anti- or syn- positions. Alternatively, the rate at which the DMAP comes on
and off could affect the 1HNMR spectra of the 4FcDMAP complex.
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Figure 2.8. 1H NMR spectral array of 4FcDMAP in C7D8/ pyrD5. Spectrum 1 corresponds to -30
°C and the subsequent numbers correspond to increasing temperatures in increments of 10 °C.
The range is from -30 to 80 °C.

2.5 IR SPECTROMETRY OF URANYL DIPYRRINS
IR spectra of the uranyl complexes 4DMAP were recorded as KBr pellets prepared in an inert
N2 atmosphere, and spectra were taken in an expedient manner to minimize interactions with the
pellet and the moisture in the atmosphere. Nevertheless, all IR spectra show the characteristic
water band at ~3500 cm-1. The ligand electron donor strength on the equatorial positions on uranyl
influence the asymmetric and symmetric U-O stretches (ν3 and ν1 respectively).
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Increasing

electron density at the φ u and δ u atomic orbitals of uranium destabilize the U-O bonds and thus
decrease the vibration frequency. In the case of dipyrrinato ligands, the average U-O is ν3 = 963
cm-1, (see Figure 2.9) within the higher end of the expected range of the asymetric stretching
mode, which corresponds to weak interactions between dipyrrins and uranyl.45 The asymmetric
18

stretch frequency is conserved throughout the four uranyl (bis)dipyrrin complexes. Taken together,
this indicates that the uranyl moiety is insensitive to the strong basicity of dipyrrins17 has little
effect on the ν3 stretch and therefore there is little electronic contribution from the ligand backbone.
Furthermore, the average U-O bond length of the uranyl dipyrrinato complexes is 1.76 Å, within
the expected range of uranyl.

Figure 2.9 IR spectra of uranyl dipyrrin complexes. The arrows indicate the putative ν3
asymmetric stretch of uranyl, which in the complexes and in other work45 is 963 cm-1.
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2.6 CYCLIC VOLTAMMETRY OF URANYL DIPYRRINS
The electrochemical features of the uranyl bis(dipyrrinate) complexes (4DMAP) were
investigated with cyclic voltammetry (CV). Dipyrrins are redox active molecules, capable of oneelectron reduction or oxidation, where the reversibility depends on substitutions on the dipyrrin.38,
46

4tolDMAP, 4anisDMAP, and 4mesDMAP appear to possess the same redox features, while

4FcDMAP has the same features and a reversible redox owing to the Fe(II)/Fe(III) redox couple
on the ferrocenyl moieties on the uranyl (bis) ferrocenyldipyrrinato complex. The qualitatively
similar features include a quasireversible redox feature at E1/2 = -1.9 V, and irreversible reductions
at approximately -2.5 V and -2.7 V. These reductions correlate with the energies associated with
reducing the lowest unoccupied molecular orbitals that are putatively ligand centered at -1.9 V and
assumed to be metal centered at-2.5 and -2.7 V.

Figure 2.10 Room temperature cyclic voltammograms of 4anisDMAP in THF (red trace) and
wave 1 in 2anis (blue trace). (vs internally referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M
[NBu4][PF6] as supporting electrolyte). The scan rate is 250 mV.
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In Figures 2.10 and 2.11, qualitative comparisons and thus correlations can be made between
the quasireversible feature at E1/2 =1.95 V in the anisyldipyrrin ligand and the quasireversible
redox feature at E1/2 = -1.88 V in the uranyl anisyldipyrrinate.

Figure 2.11 Room temperature cyclic voltammograms of 4anisDMAP in THF (red trace),
anisyldipyrrin 2anis (pink trace), and UO2(N(SiMe3)2)2(THF)2 (blue trace).(vs internally referenced
Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte). The scan rate is 250
mV.
In addition, the reduction at -1.96 V in the uranyl (bis)dipyrrinates is followed by two irreversible
waves at ca. –2.55 V and –2.76 V. These redox features appear within the region typically
associated with the U(VI)/U(V) couple.47 In order to determine the origin of the electrochemical
event, the CV of the related amide complex UO2(N(SiMe3)2)2(THF)2 was investigated (Figure
21

2.11). Comparisons between 4anisDMAP and UO2(N(SiMe3)2)2(THF)2 reveals the CVs to be
qualitatively similar, suggesting the latter two waves in the CV’s of 4anisDMAP to be metal
centered. Though, it should be noted, that these two waves in 4-DMAP exhibit a notable cathodic
shift of ca. –0.59 V indicating a more electron rich metal center.

2.7 UV-VISIBLE SPECTROMETRY
In order to better assess the photochemical properties of the uranyl dipyrrins, UV-vis spectra
were collected on the dipyrrins, sodium salts, and uranyl complexes in benzene. Comparisons
between the three sets show that they are qualitatively similar. The free Hdipy ligands and their
respective sodium salts display two absorptions in at ~340nm (ε = 8917 –12145 L·mol-1cm-1) and
~458 nm (ε = 18959–24755 L·mol-1cm-1)both attributable to ligand-based π → π* transitions, the
only exception being the mesityl derivatives 2mes, 3mes, and 4mes which display only the latter band
(Figure 2.12(c)).38 The lack of the second, higher energy peak in the UV-vis of the mesityl series
is not unexpected and has been previously attributed to due to the torsionally constrained internal
rotation of the mesityl moiety.48 In addition, the ferrocenyl complexes 2Fc, 3Fc, and 4FcDMAP each
display an additional, weak absorbance at ~580 assignable to the iron
d →d transition of the Fc unit (Figure 2.12(d)). Importantly, in the uranyl complexes, peak appears
with a bathochromic shift of as much as 40 nm, from 432 nm to 472 nm in the case of sodium
mesityldipyrrin and uranyl (bis) mesityldipyrrin. (Figure 2.12(c)). The molar absorptivity ranges
from 27578 L·mol-1cm-1 in 4Fc to 35416 L·mol-1cm-1 in 4tol which is inconsistent with the known
absorption of the UO22+ moiety. The uranyl band structure, in the absence of
ligand effects, has three main peaks at 403, 414, and 426 nm with molar absorptivities of

22

approximately 6.27, 7.13, and 5.37 L∙mol-1cm-1, respectively. source Thus, we have tentatively
assigned this feature as a dipyrrin to uranium LMCT.

(b)

(a)

(c)

(d)

Figure 2.12 Room temperature UV/vis absorption spectra for: (a) 2anis (benzene, 24.58 μM), 3anis
(benzene, 9.68 μM), and 4anisDMAP (benzene, 11.76 μM). (b) 2tol (benzene, 24.49 μM), 3tol
(benzene, 10.46 μM), and 4tolDMAP (benzene, 11.8 μM).(c) 2mes (benzene, 25.09 μM), 3mes
(benzene, 9.66 μM), and 4mesDMAP (benzene, 12.9 μM). (d) 2Fc (benzene, 27.98 μM), 3Fc
(benzene, 10.67 μM), and 4FcDMAP (benzene, 10.59 μM).
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2.8 FLUORESCENCE SPECTROSCOPY
The known photoproperties of the dipy ligand and the appearance of a third absorption band in
the UV-vis spectra of 4DMAP prompted us to investigate the fluorescence properties of our
system. While fluorescence in metal dipyrrinato complexes is almost exclusively due to ligand
based π* → π emission, dipyrrin ligands have only been metallated with an f-element metal in one
study.41 Lanthanide and actinide elements, and especially uranyl exhibits photoluminescent
properties with 3σu→5f LMCT (oxo ligand to uranium) and 5f→5f metal to metal transitions. In
order to assess possible energetic interactions between luminescent ligands and luminescent metal
ions, we performed fluorescence measurements by exciting our dipyrrins, sodium dipyrrins, and
uranyl dipyrrins with absorption maxima determined by UV-vis. Only mesityl containing
compounds exhibited any fluorescence, with the uranyl (bis) mesityldipyrrinato complex
exhibiting the most fluorescence. The mesityldipyrrin (2mes) exhibited the least fluorescence,
sodium mesityldipyrrinate (3mes) fluoresced at almost the same intensity as the free ligand, while
the uranyl (bis)mesityldipyrrin (4mesDMAP) exhibited the most fluorescence The Stokes shift is
30 nm or 1345 cm-1, from the absorbance wavelength of 472 nm to the emission wavelength of
502 nm (Figure 2.13). This small Stokes shift would indicate some interaction between ligand and
metal therefore some charge transfer. Insights to tuning the photophysics and photochemistry of
dipyrrin ligands by imposing steric constraints and considering solvent polarity were performed
previously by Holten and Thompson.48, 49
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Figure 2.13 Fluorescence spectra of dipyrrins (2), sodium dipyrrins (3), and uranyl (bis)dipyrrins
(4DMAP) in benzene (10 μM) with excitation wavelengths set to their respective absorption
maxima determined in the same solvent and concentrations. Only the mesityl- group containing
compounds displayed any fluorescence. The absorption maxima λmax or excitation wavelength are
next to structures and emission maxima are labelled by the peaks.
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3. CONCLUSION
In conclusion, we report the synthesis and initial characterization of uranyl (bis) dipyrrins
UO2(dipy)2(L) (L = THF, DMAP) possessing α,β-unsubstituted dipyrrinates with meso
substitutions, among the few f- element containing dipyrrin compounds. The complexes can be
isolated in good yield using a straightforward salt metathesis procedure. Solid-state structural
analyse reveals that all of the uranyl complexes adopt distorted pentagonal bipyramidal
coordination environments. The planar distortion in the solid state could be due to crystal packing
forces or as a consequence of the steric clashing of the α-protons on the dipyrrin moiety. IR
experiments show that the U-N bond interactions are weak, considering the putative U-O
asymmetric stretch is within the higher end of the expected range. CV experiments reveal a
quasireversible ligand centered reduction and two, more negative metal centered reduction
potentials. UV-vis spectra display two prominent absorbances ascribed to ligand-based π - π*
transitions, except in the case of the uranyl complexes, where there is a new, bathochromically
shifted maxima. Fluorescence measurements on all compounds reveal that only the uranyl (bis)
mesityldipyrrin compound had any luminescence properties and are found to be able to have
interactions between ligand and metal.
In order to fully assess and characterize the compounds, several more experiments need to be
performed. Voltammetry experiments under the presence of excitation wavelength light can
elucidate excited state electrochemical properties of the uranyl dipyrrins. Also, the fluorescence
lifetimes and quantum yields will have to be determined to gain a better understanding of the
luminescence dynamics of uranyl dipyrrins. To better understand the exact electronic nature of
these compounds, computational methods like density functional theory can be very useful.
Finally, substrate reactivity with model pollutants and persistent organic pollutants and the uranyl
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complexes would serve to gain understanding into whether uranyl dipyrrins can be utilized for
environmental remediation.
All in all, we have developed a new set of complexes as a benchmark for further modification,
based on UV-vis and CV data; some dipyrrin complexes with other metal centers are stable in the
presence of water. With the uranyl complexes however, their extreme sensitivity to water precludes
their use in aqueous environments. Enzymes utilize, among other chemical aspects, a steric
protection around the metal center to facilitate remarkable transformations. Perhaps a more
sterically bulky chromophore on uranyl, or the inclusion of uranyl on a metal organic framework,
could enable the use of uranyl for the photocatalytic oxidation of persistent organic pollutants in
the environment.
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4. EXPERIMENTAL
4.1 GENERAL CONSIDERATIONS
All air and moisture-sensitive operations were performed in a M. Braun dry box under an
atmosphere of purified nitrogen or using high vacuum standard Schlenk techniques. Benzene,
toluene, hexanes, pentane, toluene, THF, Et2O, and dimethoxyethane (DME) were dried using a
Pure Process Technology Solvent Purification System and subsequently stored under a dinitrogen
atmosphere over activated 4 Å molecular sieves. All deuterated solvents were purchased from
Cambridge Isotope Laboratories Inc. and were degassed by three freeze−pump−thaw cycles and
dried over activated 4 Å molecular sieves for 24 h prior to use. Celite and 4 Å molecular sieves
were heated to 200 °C for at least 24 h and then cooled under vacuum. Ferrocenecarboxaldehyde
and UO2Cl2(THF)3 were prepared according to literature procedures.43, 50 All other reagents were
purchased from commercial sources and used as received. NMR spectra were recorded on a JEOL
ECA 600 MHz or a Bruker AVANCE III 400 MHz spectrometer. Resonance assignments in the
13

C NMR spectra were based upon 1H – 13C HMQCGP 2D correlation spectra. 1H NMR and 13C

NMR spectra are referenced to SiMe4 using the residual 1H solvent peaks as internal standards or
the characteristic 13C resonances of the solvent. IR data were collected using a Thermo Scientific
Nicolet iS5 spectrometer. UV-vis spectra were recorded on a Shimadzu UV-3101PC UV-vis/NIR
scanning spectrophotometer. All analyte concentrations were set to 10 μM in benzene or as
otherwise noted. Fluorescence spectra were recorded using an Olis DM45 spectrofluorimeter with
a 150 W Xe Arc lamp. For the fluorescence measurements, the excitation wavelength was set to
the absorption maxima of each compound determined from their UV-vis absorption spectra. All
analyte concentrations were set to 10 μM in benzene. Elemental Analyses were performed by
Robertson Microlit Laboratories, Inc. and Midwest Microlabs, LLC.
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4.2 CYCLIC VOLTAMMETRY
Cyclic voltammetric measurements were performed using a CH Instruments 600e potentiostat with
a PC unit controlled with CHI software (version 13.12). Experiments were performed in a
glovebox under an inert N2 atmosphere using platinum disks (2 mm diameter) embedded in Kel-F
thermoplastic as the counter and working electrodes while the reference electrode consisted of a
platinum wire. Solutions utilized in the electrochemical studies were approximately 1 mM in
complex with [NBu4][PF6] (0.1M, THF) as supporting electrolyte. All potentials are reported
versus the [Cp2Fe]0/+ couple, referenced as internal standard.

4.3 X-RAY CRYSTALLOGRAPHY
Data for 4tolTHF∙2THF, 4anisTHF∙THF, 4mesDMAP∙THF∙Hexanes, and 4FcTHF∙2Hexanes were
collected on a Bruker 3-axis platform diffractometer equipped with a APEX I CCD detector using
a graphite monochromator with a Mo Kα X-ray source (λ = 0.71073 Å). The crystals were mounted
on a glass fiber or on a Mitigen Kapton loop, coated in NVH oil, and maintained at 100(2)K under
a flow of nitrogen gas during data collection. A hemisphere of data was collected using ω and φ
scans with 0.5° frame widths. Data collection and cell parameter determinations were conducted
using the SMART program.51 Integration of the data and final cell parameter refinement were
performed using SAINT52 software with data absorption correction implemented through
SADABS.53 Structure solution, refinement, graphics, and creation of publication materials were
performed using SHELXTL54 or the Olex2 crystallographic package.55 Structures were solved
using direct, charge flipping, or structure expansion methods and difference Fourier techniques.
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All hydrogen atom positions were idealized and treated as riding on the parent atom. A summary
of relevant crystallographic data is presented in Table A2.

4.4 SYNTHETIC PROCEDURES
4.4.1 GENERAL PROCEDURE FOR THE CHROMATOGRAPHY-FREE SYNTHESIS
OF Α,Β-UNSUBSTITUTED ARYLDIPYRROMETHANES (1)
The following is a modified procedure adapted from published methods.36 In a 500 mL round
bottom flask equipped with a large magnetic stir bar, deionized water (250 mL) was degassed
using three freeze-pump-thaw cycles.. To the water was added HCl(aq) (3.7 mL, 12 M), to acidify
the solution, under an atmosphere of dinitrogen. Freshly distilled pyrrole (3 equiv) was added and
the solution was vigorously stirred. To this, 1 equivt of arylaldehyde was added very slowly
dropwise at an approximate rate of 0.5 mL/h. Upon immediate addition of the arylaldehyde, the
solution turns opaque. The subsequent drop was added only after precipitation of a fine white to
pale yellow solid accompanied by a decrease in turbidity. It is important to note that vigorous
stirring and slow addition of aldehyde are critical for ease of workup and increased yields and
purity.Upon complete addition of the arylaldehyde, a saturated aqueous solution of NaHCO3 (200
mL) was added. The supernatant was then decanted and the precipitate was collected on a Büchner
funnel to give a pale yellow to peach colored solid. The solid was washed copiously with deionized
water (5 × 30 mL) and dried overnight under vacuum. The solid was then sublimated under reduced
pressure at 125 °C to yield white crystals. Alternatively, storage of a concentrated toluene solution
of the aryldipyrromethanes at -10 °C gives the product as a white colored precipitate. In our hands,
the aryldipyrromethanes were observed to be indefinitely stable as solids under ambient
conditions. The products 1tol, 1anis, 1mes, and 1Fc were characterized by 1H and
spectroscopy and their identity confirmed by comparison to reported values.35, 56
30
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C{1H} NMR

1tol: 4.16 mL of pyrrole (4.02 g, 0.06 mol) was treated as described with 2.36 mL of 4methylbenzaldehyde (2.40g, 0.02 mol). The material was purified by sublimation. Yield: 1.8 g
(51%).
1anis: 3.70 mL of pyrrole (3.31 g, 49.3mmol) was treated as describe with 2 mL of 4-anisaldehyde
(2.24 g, 16.4 mmol). The peach colored product was recrystallized from toluene. Yield: 2.1g
(51%).
1mes: 2.81 mL of pyrrole (2.72 g, 40.5 mmol) was treated with 2.0 mL of mesitaldehyde (2.0 g,
13.5 mmol). The peach colored product was recrystallized from toluene. Yield: 2.06 g (60%).
1Fc: 2.4 mL of pyrrole (2.32 g, 34.6 mmol) was treated with 2.46 g of ferrocenecarboxaldehyde
(11.5 mmol) dissolved in THF (0.5 mL). Upon addition, the solution turns cloudy and red which
then fades upon formation of a fine yellow powder. Dissolution in toluene afforded an amber
solution, and storage at -10°C produced a yellow-orange microcrystalline powder. Yield: 1.2 g
(33%).

4.4.2 GENERAL PROCEDURE FOR THE CHROMATOGRAPHY-FREE SYNTHESIS
OF Α,Β-UNSUBSTITUTED ARYLDIPYRROMETHENES (2)
The following is a modified procedure adapted from published methods.27 In a 250 mL round
bottom flask, 1 equiv of aryldipyrromethane 1 was dissolved in toluene with vigorous stirring.
Approximately 50 mL of toluene was used per gram of 1 to completely dissolve the material. A
solution of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (1.1 equiv) in toluene (50 mL) was
added all at once to the aryldipyrromethane. Upon addition, a brown precipitate is formed. The
progress of the reaction was monitored by TLC (silica, Et2OAc:Hexanes, 25:75), showing full
consumption of the dipyrromethane after 3 h. Excess triethylamine (5 equiv) was added to the
stirring solution to dissolve the brown precipitate. After 30 minutes, the volatiles were removed in
31

vacuo. The product mixture was dissolved in CH2Cl2, and the solution was washed with saturated
NaHCO3 solution (1 × 50 mL), brine (1 × 50 mL), and deionized water (1 × 50 mL). The CH2Cl2
fraction was dried over anhydrous MgSO4 and the solution was concentrated under reduced
pressure, leaving the minimum amount of solvent necessary to keep the product dissolved. The
brown solution was added dropwise to a stirring solution of hexanes (75 mL) which caused the
precipitation of a fine, grey-brown precipitate. The solid was removed via filtration through Celite
supported on a medium porosity glass frit. Concentration of the filtrate and storage of the solution
at -10 °C for 24 h produces the dipyrromethene as a pure material. The α,β-unsubstituted
aryldipyrromethenes were stored under ambient conditions and observed to be unchanged after
several months. The products 2tol, 2anis, and 2mes were characterized by 1H and
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spectroscopy and their identity confirmed by comparison to reported values.27, 36
2tol: 0.55 g (2.3 mmol) of 1tol was treated as described with 0.58 g (2.6 mmol) of DDQ. The crude
product is an oil that can be recrystallized from storage of a concentrated hexanes solution at -10
°C to give red-amber crystals. Yield: 0.50 g (90%).
2anis: 1.4 g (5.6 mmol) of 1anis was treated with 1.4 g (6.1 mmol) of DDQ as described in the general
synthesis with minor modifications. It was found that foregoing aqueous workup dramatically
increases yield. After removal of triethylamine and toluene, the reaction mixture was redissolved
in neat toluene (10 mL). This solution was added dropwise to a stirring solution of hexanes (75
mL), causing the formation of a grey precipitate. The precipitate was removed by filtration and the
solvent evaporated by vacuum to give 2anis as an oil. The storage of a concentrated hexanes solution
at -10°C produces the product as pink-orange prismatic needles. Yield: 0.97 g (70%).
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2mes: 2.15 g (8.10 mmol) of 1mes was treated as described with 2.0 g (8.9 mmol) of DDQ. The crude
product is a grey-green solid that can be recrystallized from storage of a concentrated hexanes
solution at -10 °C to givedark green crystals. Yield: 1.95 g (91%).
2Fc: 1.23 g (3.70 mmol) of 1Fc was treated as described in the general synthesis with 0.93g (4.1
mmol) of DDQ with minor modifications. It was found that foregoing aqueous workup
dramatically increases yield. The crude product is a dark solid with a green luster. Storage of a
concentrated hexanes solution at -35° C results in the formation of lustrous green microcrystalline
solid. Yield: 0.86 g (70%). 1H NMR (25 °C, 400 MHz, C6D6): δ 3.87 (s, 5H, C5H5 Cp-ring), 4.10
(t, 2H, JHH = 1.9 Hz, C-H Cpdipy ring), 4.63 (t, 2H, JHH = 1.9 Hz, C-H Cpdipy ring) 6.35 (dd, 2H,
JHH = 4.2, 4JHH = 1.4 Hz, γ-pyrrole C-H), 7.32 (br m, 2H, α-pyrrole C-H), 7.64 (dd, 2H, JHH = 4.2,
4

JHH = 1.4 Hz, β-pyrrole C-H), 13.94 (s, 1H, pyrrole N-H). 13C{1H}NMR (25 °C, 100 MHz, C6D6):

δ 69.9 (Cp), 71.2 (Cp ring), 74.0 (Cp ring), 83.0 (Cp ring), 116.9 (γ-pyrrole C-H), 128.6 (β-pyrrole
C-H), 141.4, 141.8 (α-pyrrole C-H), 143.9.

4.4.3 GENERAL PROCEDURE FOR THE SYNTHESIS OF SODIUM
ARYLDIPYRROMETHENATES (3)

In a 100 mL round bottom flask, 1 equiv of aryldipyrromethene 2 was dissolved in hexanes (50
mL). In a separate vial, 0.95 equivalents of sodium hexamethyldisilazide (NaHMDS) was
dissolved in toluene (9 mL). The NaHDMS solution was added slowly dropwise to the vigorously
stirring solution of 2, resulting in the formation of a fine, insoluble solid. After one hour, the solid
was collected on a medium porosity glass frit, washed with hexanes (20 mL), and dried in vacuo
to afford pure, orange powders.
3tol: 1.58 g (6.7 mmol) of 2tol was treated as described with 1.18 g (6.4 mmol) of NaHMDS. The
product can be recrystallized from a concentrated DME solution layered with hexanes stored at 33

35 °C to generate orange crystals. The product crystallizes as the DME solvate 3tol·2DME. Yield:
1.55 g (95%). 1H NMR (25 °C, 400 MHz, C6D6/py-d5): δ 2.17 (s, 3H, tolyl Me), 3.07 (s, 12H,
DME), 3.24 (s, 8H, DME), 6.64 (dd, 2H, JHH = 3.7 Hz, 4JHH = 0.9 Hz, γ-pyrrole C-H), 6.98 (d, 2H,
JHH = 8.1 Hz, tolyl C-H), 7.01 (dd, 2H, JHH = 3.9 Hz, 4JHH = 1.0 Hz, β-pyrrole C-H), 7.44 (d, 2H,
JHH = 7.9 Hz, tolyl C-H), 8.00 (br, 2H, α-pyrrole C-H). 13C{1H} NMR (25 °C, 100 MHz, C6D6/pyd5): δ 21.3 (tolyl Me), 58.7 (DME), 71.9 (DME), 116.8 (γ-pyrrole C-H), 127.5 (tolyl), 131.8 (tolyl),
132.5 (β-pyrroleC-H), 137.2, 140.5, 144.4, 150.2, 151.3 (α-pyrrole C-H). Anal. Calcd. for
C16H13N2Na·0.3DME: C, 72.70; H, 5.76; N, 9.78. Found: C, 72.17; H, 5.85; N, 9.62.
3anis: 0.94 g (3.7 mmol) of 2anis was treated as described with 0.65 g (3.5 mmol) of NaHMDS. The
crude pink-orange product can be recrystallized from a concentrated DME solution layered with
hexanes. Storage of this solution at -35°C yields orange crystals as the solvated product
3anis·0.75DME. Yield: 0.92g (95%). 1H NMR (25 °C, 400 MHz, C6D6/py-d5): δ 3.08 (s, 3H, pOMe), 3.27 (s, 2H, DME), 3.36 (s, 3H, DME), 6.63 (dd, 2H, JHH = 3.9, 4JHH = 1.0 Hz, γ-pyrrole
C-H), 6.76 (d, 2H, JHH = 8.6 Hz, anisole C-H), 7.02 (dd, JHH = 3.9, 4JHH = 1.1 Hz, β-pyrrole C-H),
7.45 (d, JHH = 8.7 Hz, , anisole C-H), 7.98 (br m, 2H, α-pyrrole C-H). 13C{1H} NMR (25 °C, 100
MHz, C6D6/py-d5): δ 54.9 (p-OMe), 58.7 (DME), 72.0 (DME), 112.4 (anisole), 116.8 (γ-pyrrole
C-H), 132.2 (β-pyrrole C-H), 133.11 (anisole), 135.69, 144.60, 150.80 (α-pyrrole C-H), 160.07,
one carbon resonance not observed. Anal. Calcd. for C16H13N2ONa·0.75DME: C, 67.14; H, 6.09;
N, 8.24. Found: C, 66.96; H, 5.82; N, 8.75.
3mes: 1.0 g (3.8 mmol) of 2mes was treated as described in the general synthesis with 0.66 g (3.6
mmol) of NaHMDS. The yellow-lime product can be recrystallized from a concentrated Et2O
solution at room temperature. Storage of this solution at -35 °C affords a second crop of crystals.
Yield: 0.78 g (76%). 1H NMR (25 °C, 400 MHz, C6D6/py-d5): δ 2.11 (s, 3H, p-Me), 2.24 (s, 6H,
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o-Me), 6.55 (dd, 2H, JHH = 3.9, 4JHH = 0.9 Hz, γ-pyrrole C-H), 6.85 (s, 2H, mesityl C-H), 6.89 (dd,
2H, JHH = 3.9, 4JHH = 1.1 Hz, β-pyrrole C-H), 8.06 (br m, 2H, α-pyrrole C-H). 13C{1H} NMR (25
°C, 100 MHz, C6D6/py-d5): δ 20.3 (o-Me), 21.2 (p-Me), 117.2 (γ-pyrrole C-H), 131.0 (β-pyrrole
C-H), 136.2, 136.9, 139.5, 143.4, 149.0, 151.1 (α-pyrrole C-H), two carbon resonances not
observed. Anal. Calcd. for C18H17N2Na: C, 76.04; H, 6.03; N, 9.85. Found: C, 74.04; H, 6.30; N,
9.39. Combustion analyses of 3mes consistently tested low in carbon.
3Fc: 0.45 g (1.4 mmol) of 2Fc was treated with 0.24 g (1.3 mmol) of NaHMDS. The brown product
can be recrystallized from a concentrated THF solution layered with hexanes. Storage of this
solution at -35 °C affords dark, brown-red crystals. Yield: 0.41 g (90%). 1H NMR (25 °C, 400
MHz, C6D6/py-d5): δ 3.96 (s, 5H, C5H5 Cp-ring), 4.18 (t, 2H JHH = 1.9 Hz, C-H Cpdipy ring), 4.94
(t, 2H, JHH = 1.9 Hz, C-H Cpdipy ring), 6.71 (dd, 2H, JHH = 3.9, 4JHH = 1.0 Hz, γ-pyrrole C-H), 7.87
(br m, 2H, α-pyrrole C-H), 8.09 (dd, 2H, JHH = 3.8, 4JHH = 1.0 Hz, β-pyrrole C-H). 13C{1H} NMR
(25 °C, 100 MHz, C6D6/py-d5): δ 69.5 (Cp ring), 70.9 (Cp ring), 76.1 (Cp ring), 86.2, 116.4 (γpyrrole C-H), 130.1 (β-pyrrole C-H) , 144.1, 149.0 (α-pyrrole C-H), 152.1. Anal. Calcd. for
C19H15FeN2Na: C, 65.17; H, 4.32; N, 8.00. Found: C, 65.03; H, 4.73, N, 7.66.

4.4.4 GENERAL PROCEDURE FOR THE SYNTHESIS OF URANYL
ARYLDIPYRROMETHENATES (4)
In a 20 mL scintillation vial, UO2Cl2(THF)3 was dissolved in THF (3 mL). The clear yellow
solution was added dropwise to a stirring solution of 3 (2 equiv) in THF (3 mL). The reaction color
turned deep red and was left to stir for 2 h. The product mixture was then filtered through Celite
supported on a medium porosity glass frit to give a dark red filtrate. The solvent was removed
under vacuum to give a dichroic, green-red microcrystalline solid. The solid was washed with
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hexanes and dried. Crystals of 4THF were obtained by slow diffusion of pentane into a saturated
solution of 4THF in THF:DME (2:1) stored at -30 °C. The instability of these compounds in
solution, attributed to the lability of the coordinated THF, precluded full characterization.
4tolTHF: 1H NMR (25 °C, 400 MHz, C6D6/THF-d8): δ 1.43 (THF), 2.12 (s, 6H, Me), 3.68 (THF)
6.43 (br s, 4H), 6.97 (m, 8H, tolyl C-H), 7.40 (br s, 4H), 8.05 (br s, 4H).
4anisTHF: 1H NMR (25 °C, 400 MHz, py-d5): δ 1.75 (THF), 3.80 (p-OMe, overlapped with THF
resonance), 3.83 (THF), 6.22 (s, 4H), 7.15 (d, 4H, anisole C-H), 7.34 (s, 4H), 7.78 (d, 4H, anisole
C-H), 8.12 (s, 4H).
4mesTHF: 1H NMR (25 °C, 400 MHz, py-d5): δ 1.62 (THF), 2.25 (s, 12H, o-Me), 2.36 (s, 6H, pMe), 3.66 (THF), 6.53 (s, 4H), 6.97 (d, 4H), 7.00 (s, 4H, mesityl C-H), 7.76 (br s, 4H).
4FcTHF: 1H NMR (25 °C, 400 MHz, py-d5): δ 1.42 (THF), 3.56 (THF), 3.96 (s, 10H, C5H5 Cp
ring), 4.21 (s, 4H, C-H Cpdipy ring), 4.88 (s, 4H, C-H Cpdipy ring), 6.43 (s, 4H), 7.34 (s, 4H), 7.73
(s, 4H).

In a 20 mL scintillation vial, UO2Cl2(THF)3 was suspended in Et2O (3 mL) with 5 equiv of 4dimethylaminopyridine (DMAP). After 10 min, the yellow suspension transformed into a red
orange mixture. The Et2O was decanted and the powder resuspended in benzene (6 mL), and this
was added to a stirring suspension of 3 (2 equiv) in benzene (10 mL). The reaction color turned
deep red and it was left to stir for 2 h. The product mixture was then filtered through Celite
supported on a medium porosity frit to give a dark red filtrate. The Celite filter cake was triturated
with benzene to dissolve any remaining product. The solvent was removed under vacuum to give
a dichroic, green-red microcrystalline solid. The solid was then washed with cold (-30 °C) Et2O
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on a medium porosity glass frit to remove the excess DMAP. X-ray quality single crystals were
obtained by slow diffusion of pentane into a saturated THF solution of 4·DMAP stored at -30 °C.
4tolDMAP: 0.255 g (0.457 mmol) of UO2Cl2(THF)3 was treated as described with 0.279 g (2.28
mmol) of DMAP and 0.400 g (0.917 mmol) of 3tol. Yield: 0.40 g, (88%). 1H NMR (25 °C, 400
MHz, C6D6 /py-d5): δ 2.13 (s, 6H, tolyl Me), 2.21 (s, 6H, DMAP), 6.08 (d, 2H, JHH = 6.4 Hz,
DMAP), 6.45 (dd, 4H, JHH = 4.1, γ-pyrrole C-H), 6.95 (d, 4H, JHH = 7.8 Hz, tolyl C-H), 7.10 (d,
4H, JHH = 4.8 Hz, β-pyrrole C-H), 7.48 (d, 4H, JHH = 8.0 Hz, tolyl C-H), 7.95 (br s, 4H, α-pyrrole
C-H), 8.73 (br s, 2H, DMAP). 13C{1H} NMR (25 °C, 100 MHz, C6D6/py-d5): δ 21.2 (tolyl Me),
38.3 (DMAP), 107.2 (DMAP), 116.8 (γ-pyrrole C-H), 127.7 (tolyl), 131.3 (tolyl]), 132.7, 133.8
(β-pyrrole C-H), 137.5, 138.1, 144.5, 151.3, 152.8 (α-pyrrole C-H), one carbon resonance not
observed. Anal. Calcd. for C32H26N4O2U·DMAP: C, 54.54; H, 4.23; N, 9.79. Anal. Calcd. for
C32H26N4O2U·1.2DMAP: C, 53.98; H, 4.35; N, 10.15. Found: C, 53.61; H, 4.13; N, 9.51.
4anisDMAP: 0.282 g (0.506 mmol) of UO2Cl2(THF)3 was treated as described with 0.310 g (2.54
mmol) of DMAP and 0.368 g (1 mmol) of 3anis. Yield: 0.400 g (88%). 1H NMR (25 °C, 400 MHz,
C6D6/py-d5): δ 2.20 (s, 6H, DMAP), 3.24 (s, 6H, p-OMe), 6.09 (d, 2H, JHH = 6.1 Hz, DMAP), 6.49
(d, 4H, JHH = 3.2 Hz, γ-pyrrole C-H), 6.75 (d, 4H, JHH = 8.4 Hz, anisole C-H), 7.14 (d, 4H, JHH =
3.7 Hz, β-pyrrole C-H), 7.50 (d, 4H, JHH = 8.4 Hz, anisole C-H), 8.00 (br s, 4H, α-pyrrole C-H),
8.79 (br s, 2H, DMAP). 13C{1H} NMR (25 °C, 100 MHz): δ 38.3 (DMAP), 54.9 (p-OMe), 107.3
(DMAP), 112.9 (anisole), 116.9 (γ-pyrrole C-H), 132.8 (anisole), 133.8 (β-pyrrole C-H), 144.53,
150.22, 151.12 (DMAP), 152.71 (α-pyrrole C-H), 160.36, two carbon resonances not observed.
Anal. Calcd. for C39H36N6O4U·DMAP: C, 52.58; H, 4.08; N, 9.44. Found: C, 51.99; H, 4.20; N,
8.86.
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4mesDMAP: 0.291 g (0.522 mmol) of UO2Cl2(THF)3 was treated as described with 0.319 g (2.6
mmol) of DMAP and 0.293 g (1.04 mmol) of 3mes. Yield: 0.406 g (85%). 1H NMR (25 °C, 400
MHz, C6D6/py-d5): δ 2.19 (s, 6H, p-Me), 2.22 (s, 6H, DMAP), 2.28 (s, 12H, o-Me), 6.04 (d, 2H,
JHH = 5.7 Hz, DMAP), 6.41 (d, 4H, JHH = 4.9 Hz, γ-pyrrole C-H), 6.84 (s, 4H, mesityl C-H), 6.98
(d, 4H, JHH = 4.7 Hz, β-pyrrole C-H), 7.83 (br s, 4H, α-pyrrole C-H), 8.69(br s, 2H, DMAP).
C{1H} NMR (25 °C, 100 MHz, C6D6/py-d5): δ 20.2 (o-Me), 21.2 (p-Me), 38.3 (DMAP), 107.2

13

(DMAP), 117.1 (γ-pyrrole C-H), 128.2 (mesityl), 128.6, 131.9 (β-pyrrole C-H), 136.8, 137.1,
143.6, 150.4, 152.6 (α-pyrrole C-H), two carbon resonances not observed. Anal. Calcd. for
C43H44N6O2U: C, 56.45; H, 4.85; N, 9.19. Found: C, 56.34; H, 4.92; N, 8.91. 4FcDMAP: 0.250 g
(0.489 mmol) of UO2Cl2(THF)3 was treated as described with 0.274 g (2.2 mmol) of DMAP and
0.315 g (0.89 mmol) of 3Fc. 1H NMR (-30 °C, 600 MHz, C7D8/py-d5) δ 2.23, 3.84, 3.98, 4., 4.11,
4.15, 4.18, 4.58, 4.78, 4.85, 5.88, 6.03, 6.36, 6.48, 6.69,7.13, 7.16, 7.30, 7.60, 7.74, 7.79, 7.87,
7.96, 8.42, 8.70. 1H NMR (25 °C, 600 MHz, C7D8/py-d5): δ 2.28, 3.88, 3.96, 3.97, 4.16, 4.2, 4.23,
4.61, 4.8, 4.88, 6.06, 6.33, 6.35, 6.48, 6.73, 7.1, 7.14, 7.31, 7.57, 7.69, 7.79. 1H NMR (80 °C, 600
MHz, C7D8/py-d5): δ 2.36, 3.95, 4.26, 4.89, 6.12, 6.3, 6.41, 6.76, 7.1, 7.13, 7.74, 8.42. Anal. Calcd.
for C45H40Fe2N6O2U: C, 51.64; H, 3.85; N, 8.03. Found: C, 49.07; H, 4.03; N, 7.88. Combustion
analyses of 4FcDMAP consistently tested low in carbon.
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Figure A1. IR spectrum (KBr pellet) of 4tolDMAP.
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Figure A2. IR spectrum (KBr pellet) of 4anisDMAP.
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Figure A3. IR spectrum (KBr pellet) of 4mesDMAP.
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Figure A4. IR spectrum (KBr pellet) of 4FcDMAP.
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Figure A5. Room temperature cyclic voltammogram of 4tolDMAP in THF (vs internally
referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte). The scan
rate is 250 mV.
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Figure A6. Room temperature cyclic voltammogram of wave 1 of 4tolDMAP in THF (vs
internally referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte).

Table 1. Electrochemical data for wave 1of 4tolDMAP in THF

Wave 1

Scan rate, V/s

Ep,c, V

0.025
0.050
0.075
0.125
0.200
0.300
0.400

-1.96
-1.96
-1.96
-1.96
-1.98
-1.98
-1.98
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Ep,a, V
-1.85
-1.86
-1.85
-1.86
-1.85
-1.84
-1.84

∆Ep, V
0.11
0.10
0.11
0.10
0.13
0.14
0.14

ip,c/ip,a
0.62
0.61
0.57
0.58
0.54
0.82
0.92

Figure A7. Room temperature cyclic voltammogram of wave 2 of 4tolDMAP in THF (vs
internally referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte).
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Figure A8. Room temperature cyclic voltammogram of wave 3 of 4tolDMAP in THF (vs
internally referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte).
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Figure A9. Room temperature
cyclic voltammogram of 4anisDMAP in THF (vs internally
+
referenced Cp2Fe/Cp2Fe at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte).
The scan
rate is 125 mV. The blue trace represents the total electrochemical features in 4anisDMAP and
can be deconvoluted to 3 isolable waves representing multiple electrochemical events (red,
green, and purple). These features are typical of uranyl dipyrrin complexes except for 4FcDMAP,
where there is an extra quasi-reversible redox feature attributed to the ferrocenyl moiety redox
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Figure A10. Room temperature cyclic voltammogram of wave 1 of 4anisDMAP in THF (vs
internally referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte).
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Figure A11. Room temperature cyclic voltammogram of wave 2 of 4anisDMAP in THF (vs
internally referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte).
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Figure A12. Room temperature cyclic voltammogram of wave 3of 4anisDMAP in THF (vs
internally referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte).
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Figure A13. Room temperature cyclic voltammogram of 4mesDMAP in THF (vs internally
referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte). The scan
rate is 125 mV.
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Figure A14. Room temperature cyclic voltammogram of wave 1 of 4mesDMAP in THF (vs
internally referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte).
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Figure A15. Room temperature cyclic voltammogram of wave 2 of 4mesDMAP in THF (vs
internally referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte).
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Figure A16. Room temperature cyclic voltammogram of wave 3 of 4mesDMAP in THF (vs
internally referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte).
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Figure A17. Room temperature cyclic voltammogram of wave 4 of 4mesDMAP in THF (vs
internally referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte).
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Figure A18. Room temperature cyclic voltammogram of 4FcDMAP in THF (vs internally
referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte)..The blue
trace is the total electrochemical features in 4FcDMAP and cannot be deconvoluted (red trace
redox features) due to the similarities in potentials of the individual electrochemical features. In
4FcDMAP, there is an extra quasi-reversible redox feature attributed to the ferrocenyl moiety
redox couple (peach trace). Black arrow indicates scan direction. The scan rate is 125 mV.
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FigureA19. Room temperature cyclic voltammogram of 4FcDMAP in THF (vs internally
referenced Cp2Fe/Cp2Fe+ at E1/2=0 V). (0.1M [NBu4][PF6] as supporting electrolyte).
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Figure A20. Room temperature UV/vis absorption spectra for protonated dipyrrins.
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Figure A21. Room temperature UV/vis absorption spectra for sodium dipyrrinates.
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Figure A22. UV-vis spectra of 4tolDMAP, 4anisDMAP, 4mesDMAP, and 4FcDMAP in benzene (10
μM).
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Table 2. UV/vis absorption spectral data.

Compound

Concentration (μM)

λmax (nm)

ε (L·mol-1·cm)

2tol

24.5

436

22832

2anis

24.6

437

24385

2mes

25.1

453

18959

2Fc

28.0

456

20412

3tol

10.5

436

23365

3anis

9.70

437

24755

3mes

9.70

432

22375

3Fc

10.7

453

20185

4tolDMAP

11.8

462

35416

4anisDMAP

11.8

467

34826

4mesDMAP

12.9

472

30214

4FcDMAP

10.6

462

27578
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Figure A23. 1H NMR spectrum of 2Fc in C6D6 / pyrD5.
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Figure A24. 13C NMR spectrum of 2Fc in C6D6/ pyrD5.
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Figure A25. HMQCGP NMR spectrum of 2Fc in C6D6/ pyrD5.

67

Figure A26. 1H NMR spectrum of 3tol in C6D6/ pyrD5.
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Figure A27. 13C NMR spectrum of 3tol in C6D6/ pyrD5.
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Figure A28. HMQCGP NMR spectrum of 3tol in C6D6/ pyrD5.
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Figure A29. 1H NMR spectrum of 3anis in C6D6/ pyrD5.
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Figure A30. 13C NMR spectrum of 3anis in C6D6/ pyrD5.
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Figure A31. HMQCGP NMR spectrum of 3anis in C6D6/ pyrD5.

73

Figure A32. 1H NMR spectrum of 3mes in C6D6/pyrD5.
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Figure A33. 13C NMR spectrum of 3mes in C6D6/pyrD5.
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Figure A34. HMQCGP NMR spectrum of 3mes in C6D6/ pyrD5.
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Figure A35. 1H NMR spectrum of 3Fc in C6D6/ pyrD5.
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Figure A36. 13C NMR spectrum of 3Fc in C6D6/pyrD5.
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Figure A37. HMQCGP NMR spectrum of 3Fc in C6D6/ pyrD5.
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Figure A38. 1H NMR spectrum of 4tolDMAP in C6D6/ pyrD5.
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Figure A39. 13C NMR spectrum of 4tolDMAP in C6D6/pyrD5.
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Figure A40. HMQCGP NMR spectrum of 4tolDMAP in C6D6/ pyrD5.

82

Figure A41. 1H NMR spectrum of 4anisDMAP in C6D6/ pyrD5.
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Figure A42. 13C NMR spectrum of 4anisDMAP in C6D6/ pyrD5.
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Figure A43. HMQCGP NMR spectrum of 4anisDMAP in C6D6/ pyrD5.
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Figure A44. 1H NMR spectrum of 4mesDMAP in C6D6/ pyrD5.
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Figure A45. 13C NMR spectrum of 4mesDMAP in C6D6/ pyrD5.
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Figure A46. HMQCGP NMR spectrum of 4mesDMAP in C6D6/ pyrD5.
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Figure A47. 1H NMR spectrum of 4tolTHF in C6D6/ pyrD5.
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Figure A49. 1H NMR spectrum of 4mesTHF in pyrD5.
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Figure A50. 1H NMR spectrum of 4FcTHF in C6D6 /pyrD5.
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Figure A51. 1H NMR spectral array of 4FcDMAP in C7D8/ pyrD5 at -30 °C. There are 3
conformational isomers based on integration values from peaks corresponding to the ferrocenyl
moiety. The ratio is 7:6:4 for conformational isomer 1: conformational isomer 2:conformational
isomer 3, respectively.
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Figure A52. 1H NMR spectral array of 4FcDMAP in C7D8/ pyrD5 at 30 °C. There are 3
conformational isomers based on integration values from peaks corresponding to the ferrocenyl
moiety. The ratio is 6:7:4 for conformational isomer 1: conformational isomer 2:conformational
isomer 3, respectively. Conformational isomer 1 is decreasing while conformational isomer 2 is
increasing.
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Figure A53. 1H NMR spectral array of 4FcDMAP in C7D8/ pyrD5 at 80 °C. There are only one set
of peaks.
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Table 3. X-ray crystallographic data for 4 series (uranyl complexes).
4tolTHF∙ 2THF

4anisTHF∙THF

4mesDMAP

4FcTHF∙2Hexanes

∙THF∙Hexanes
Empirical formula

U2C72H68N4O6(C4

U2C72H68O10N8(C4

UC47H52O3N6(C4H8

UC23H23N2O3Fe(C6

H8O)2

H8O)

O)

H14)2

C90H78N8O11U2

(C6H14)

C260H208N16O18

C56H73N6O3U

Fe12U6

Crystal Habit, color

Block, red-orange

Plate, red-orange

Plate, red

Plate, dark red

Crystal size (mm)

0.18 × 0.10 × 0.05

0.41 × 0.33 × 0.06

0.96 × 0.63 × 0.19

0.72 × 0.15 × 0.01

Crystal system

Triclinic

Triclinic

monoclinic

trigonal

Space group

P-1

P-1

P21/c

P-3c1

Volume (Å )

3618.4(2)

3750.1(3)

4625.7(5)

6141.2(5)

a (Å)

14.4946(5)

14.5004(7)

9.3522(6)

20.5164(8)

b (Å)

15.8228(5)

16.3863(8)

26.9204(16)

20.5164(8)

c (Å)

16.5676(5)

16.7499(9)

18.8537(11)

16.8469(7)

α(°)

98.7660(10) °

99.0510(10)°

90°

90°

β(°)

102.5540(10) °

103.8570(10)°

102.9630(10)°

90°

γ(°)

96.9580(10) °

98.0330(10)°

90°

120°

Z

2

2

4

1

Formula weight (g/mol)

1705.57

1923.66

1116.23

5942.79

Density (calculated)

1.565

1.704

1.603

1.607

4.528

4.384

3.563

4.685

F000

1680.0

1892.0

2268.0

2888.0

Total no. reflections

39775

41352

56102

64170

Unique reflections

16322

17045

13066

4714

Final R indices [I > 2σ(I)]

R1 = 0.0456,

R1 = 0.0404, wR2

R1 = 0.0538, wR2

R1 = 0.0330, wR2 =

wR2 = 0.1109

= 0.1032

= 0.1081

0.0765

2.36/-

2.23/-0.76

2.65/-5.48

2.97/-0.82

1.050

1.258

1.142

3

(Mg/m3)
Absorption coefficient
-1

(mm )

Largest diff. peak and hole
-

-3

(e Å )

1.19

GOF

1.045
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Figure A54. Solid-state molecular structure of 4tolTHF∙2THF with 50% probability ellipsoids.
Selected bond lengths (Å) and bond angles (°): U1-O1:1.756(5); U1-O2:1.758(5); U1-O3:
2.460(4); U1-N1: 2.526(6); U1-N2: 2.458(5); U1-N3:2.474(5); U1-N4: 2.515(6); O1-U1-O2:
177.3(2); N2-N1-C1:163.9(5); N1-N2-C2: 160.1(5); N4-N3-C3:161.8(5); C4-N4-N3:165.7(5);
N4-U1-O1: 84.4(2); O3-U1-O1: 84.2(2); N1-U1-O1:99.2(2); N2-U1-O1:82.3(2); N3-U1O1:97.0(2); N4-U1-O1:84.4(2). Dihedral angle of the planes between pyrrole 4 (containing N4)
and pyrrole 3(containing N3): 27.31. Dihedral angle of the planes between pyrrole 1 (containing
N1) and pyrrole 2(containing N2): 31.01.
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Figure A55. Solid-state molecular structure of 4anisTHF∙THF with 50% probability ellipsoids.
Selected bond lengths (Å) and bond angles (°): U1-O1:1.759(5); U1-O2:1.765(5); U1-O3:
2.464(3); U1-N1: 2.547(5); U1-N2: 2.453(4); U1-N3:2.479(5);U1-N4: 2.502(5); O1-U1-O2:
176.8(2); N2-N1-C2:164.7(4); N1-N2-C1: 160.0(4);N4-N3-C3:161.7(4); C4-N4-N3:163.6(4);
N4-U1-O1: 84.2(2); O3-U1-O1: 83.9(2); N1-U1-O1:98.9(2); N2-U1-O1:82.0(2); N3-U1O1:97.6(2); N4-U1-O1:84.2(2). Dihedral angle of the planes between pyrrole 4 (containing N4)
and pyrrole 3(containing N3): 29.58. Dihedral angle of the planes between pyrrole 1 (containing
N1) and pyrrole 2(containing N2): 29.58 (same).
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Figure A56. Solid-state molecular structure of 4FcTHF∙2Hexanes with 50% probability
ellipsoids. Selected bond lengths (Å) and bond angles (°): U1-O1:1.773; U1-O3: 2.489; U1-N1:
2.456; U1-N2: 2.482; O1-U1-O2: 177.0; N2-N1-C1:150.3(4); N1-N2-C2: 165.5(4); O3-U1-O1:
89.1; N1-U1-O1:91.3; N2-U1-O1:89.1; Dihedral angle of the planes between pyrrole 1
(containing N1) and pyrrole 2(containing N2): 37.72. This structure is symmetry generated.
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Figure A57. Solid-state molecular structure of 4mesDMAP∙THF∙Hexanes with 50% probability
ellipsoids. Selected bond lengths (Å) and bond angles (°): U1-O1:1.777(4); U1-O2:1.763(4); U1N5: 2.489(5); U1-N1: 2.554(5); U1-N2: 2.473(6); U1-N3:2.555(5);U1-N4: 2.468(5); O1-U1-O2:
176.9(2); N2-N1-C1:169.2(4); N1-N2-C2: 164.3(4);N4-N3-C3:167.5(4); C4-N4-N3:164.8(4);
N4-U1-O1: 100.1(2); N5-U1-O1: 89.1(2); N1-U1-O1:96.4(2); N2-U1-O1:82.6(2); N3-U1O1:82.2(2) Dihedral angle of the planes between pyrrole 4 (containing N4) and pyrrole
3(containing N3): 22.34. Dihedral angle of the planes between pyrrole 1 (containing N1) and
pyrrole 2(containing N2): 20.41.
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